Non-enzymatic browning was tested as a means of suppressing degradation of soybean meal (SBM) by ruminal microbes in five trials with in vitro ammonia release as the response criterion. Treatments imposed on SBM included reducing sugar source (xylose, glucose, fructose and lactose), reducing sugar level (1, 3 and 5 mol/mol SBM-lysine), pH (6.5, 8.5 and 10.0), dry matter (DM) content (65, 70, 75, 80, 85 and 90%) and varying lengths of heating time ( 0 to 90 min) at 150 C. Samples heated under conditions that promoted non-enzymatic browning gave greater (P<.01) ammonia release suppression that when SBM was heated without these treatments. Xylose was the most reactive sugar, but extended heating of SBM containing glucose, fructose or lactose resulted in ammonia release similar to xylose. Increasing sugar level from 1 to 5 mol/mol SBM-lysine caused linear decreases (P<.01) in ammonia release for xylose, glucose and fructose, but not lactose. Ammonia release was higher (P<.01) at pH 6.5 than pH 8.5 and 10.0, and higher (P<.01) at pH 9.5 than pH 10.0. Rate of non-enzymatic browning decreased when samples containing greater than 80% DM were heated. These results are interpreted to show that controlled non-enzymatic browning may be effective for reducing ruminal degradation of SBM.
Introduction
Non-enzymatic browning and the Maillard reaction refer to reactions between primary amines (especially the epsilon-amino group of lysyl residues) and reducing sugars. Because prolonged treatment of proteins under conditions that foster browning can result in formation of indigestible proteins, the reaction traditionally has been associated with reduced bioavailability of amino acids (Boctor and Harper, 1968; Valle-Riestra and Barnes, 1970; Goering et al., 1973) . Recent evidence indicates that some intermediates of the Maillard reaction are available biologically. Finot et al. (1977) showed that lysine intermediates of non-enzymatic browning, preceding isomerization by the Amadori rearrangement, have bioavailability equal to free lysine in rats. Factors regulating rate of non-enzymatic browning include type and concentration of reducing sugar (Spark, 1969; Hashiba, 1982) , temperature and duration of heating (Lea and Hannan, 1949) , water activity (Lea and Hannan, 1949; Wolfrom and Rooney, 1953 ; Labuza and Saltmarch, 1981) , and pH of the reaction mixture Katchalsky, 1937, 1941; Lea and Hannan, 1949; Ashoor and Zent, 1984) . The objectives of this work were to characterize some of the interrelationships among these factors as applied to soybean meal (SBM), and to determine if non-enzymatic browning could be a potential method of protecting proteins from microbial degradation in the rumen.
Materials and Methods
Sodium hydroxide was added to SBM to adjust pH in amounts determined as follows. Ten grams of SBM dry matter (DM) were weighed in triplicate and hydrated with 100 ml distilled deionized water. Hydrated samples were homogenized for 2 min and allowed to equilibrate for 2 h at room temperature (21 C). Homogenates were titrated with standardized NaOH; pH changes were monitored with a saturated calomel electrode. During titration, agitation of homogenates was maintained with a magnetic stir bar. Quantities of NaOH required to adjust pH to 8.5 or 10.0 were calculated as equivalents/ g SBM DM.
Microbial degradation of treated SBM sampies was the response variable in all trials and was measured by the in vitro ammonia release procedure as described by Britton et al. (1978) . Ruminal fluid was collected from steers fed maintenance diets of either ground alfalfa hay or ground corncobs containing 11% molasses and 17% SBM (DM basis). For each ammonia release run, equal volumes of ruminal fluid from each source were mixed to produce the ruminal fluid portion of the inoculum. Following fermentation for 24 h, ammoniacal N was determined by an automated adaptation of the indophenol method of McCullough (1967) . Results from all trials were evaluated by leastsquares analysis according to procedures of SAS (1982) .
Trial I. In a 4 X 3 x 3 factorial arrangement, reducing sugar sources (xylose, X; fructose, F; glucose, G; lactose, L), reducing sugar levels (1, 3, 5 mol/mol SBM-lysine), and heating times (0, 30, 90 min) at 150 C, and the interactions between and among main effects were evaluated. In addition, SBM samples were heated with pH and moisture altered, but without reducing sugar, to estimate the effect of sugar additions. The protein fraction of SBM was assumed to contain 6.3% lysine (NRC, 1979) . Dehulled, solvent extracted SBM which had not passed through a desolventizer-toaster (S BM-UT) during processing was the SBM source and contained 53.0% crude protein (CP), DM basis.
Before heating, appropriate quantities of the reducing sugars were added to SBM-UT, which previously had been treated with NaOH to achieve pH 8.5. Distilled water was added so that each sample contained 83%DM. Heated samples were obtained by placing 125-g (DM basis) samples in 9-x 12-• 5-cm aluminum pans and heating (150 C) in a forced-air oven. Following heating, samples were cooled to room temperature (23 C), air-dried for 72 h and ground to pass through a 2-ram screen. This procedure for sample preparation after heating was followed in all subsequent experiments.
Before ammonia release analysis, sugar content, expressed as a percentage of sample DM, was made equal in all samples to eliminate confounding of ammonia release by reducing sugar level. Previous results with commercial SBM as the protein source indicated that ammonia release following a 24 h fermentation was not affected by source of reducing sugar when sugars were added on the same weight-toweight ratio with SBM.
Samples were analyzed in duplicate for ammonia release; means were used for statistical analysis. Data were analyzed in a fashion similar to fractional factorials (Myers, 1976) , but required omission from the analysis of observations made on samples heated without reducing sugar because of insufficient numbers of observations. The mean square for sugar source • sugar level x heating time interaction was used as the error term to test for main effects and interactions. Linear and quadratic contrast coefficients for the main effect of heating time were calculated according to Carmer and Self (1963) for unequally spaced treatments.
Trial 2. Effects of ammonia release of commercial SBM (SBM-C) containing no sugar (C) or reducing sugars (X, G, F or L), and heated for 0, 30 or 60 min at 150 C were studied with a replicated 5 x 3 factorial arrangement of treatments. On a DM basis, SBM-C contained 46.5% CP. Sugars were added to SBM-C at 3 mol/mol SBM-lysine, pH was adjusted to 8.5 and all samples contained 80% DM. Pans containing samples for heating were prepared as described for trial 1 except they were covered with aluminum foil during heating. Following heating, sugar content was equalized in all samples before ammonia release analysis as described for trial 1.
Samples were prepared in duplicate and each was analyzed for ammonia release in duplicate in two ammonia release runs. Data were analyzed as a randomized complete block design with a 5 • 3 factorial arrangement of treatment; run was the blocking criterion. When no block • sugar source • heating time interaction was observed, this term was removed from the mathematical model and data were analyzed for main effects and sugar source • heating time interactions.
Trial 3. Susceptibilities of SBM-C or SBM-UT to non-enzymatic browning as measured by in vitro ammonia release were studied. Each SBM was treated with NaOH to adjust pH to 8.5, X at 3 mol/mol SBM-lysine and distilled water to attain 80% DM in each sample. Samples were then heated at 150 C for 0, 30 or 60 min in a forced-air oven as described for trial 2. Samples were prepared in duplicate and each was analyzed for ammonia release in duplicate in two ammonia release runs. Data were analyzed as a randomized complete block design with a 2 x 3 factorial arrangement of treatments with run as the blocking criterion. When no block x SBM source x heating time interaction was observed, this term was removed from the mathematical model and data were analyzed for main effects and SBM source • heating time interactions.
Trial 4. With a replicated 3 • 3 factorial arrangement of treatments, effects of pH (natural, 8.5, 10.0) were measured when X (3 mol/mol SBM-lysine) was added to SBM-C and heated for 0, 20, 40 or 60 min at 150 C. The natural pH of SBM-C homogenates before NaOH addition was 6.5. Samples contained 80% DM. Adjustments in sample pH were made following addition of X and water and before heating. Heating procedures were the same as described for trial 2. Samples were prepared in duplicate and each was analyzed for ammonia release in duplicate in two ammonia-release runs. The data were analyzed as a randomized complete block design with a 3 x 3 factorial arrangement of treatments; run was the blocking criterion. When no block • pH • heating time interaction was observed, this interaction was removed from the mathematical model and the data were analyzed for main effects and pH • heating time interactions.
Trial 5. With a replicated 6 • 2 factorial arrangement of treatments, effects of percent DM (65, 70, 75, 80, 85, 90) of SBM-C containing X (3 mol/mol SBM-lysine) on ammonia release were measured for samples heated at 150 C for 30 min. The pH of samples was 8.5. Additionally, the effect of retaining moisture in the pans was evaluated by covering half the pans with aluminum foil. Samples were prepared in duplicate and each was analyzed for ammonia release in duplicate in two ammonia-release runs, Data were analyzed as a randomized complete block design with a 6 • 2 factorial arrangement of treatments with run as the blocking criterion. When no block • dry matter level • covering interaction was observed, this term was removed from the mathematical model and the data were analyzed for main effects and dry matter level • covering interactions.
Results and Discussion
Trial 1. Interactions among F, L, and G for the linear effect of heating were not significant (figure 1). However, an interaction (P<.O1) was noted when F, L and G were compared with X for the linear effect of heating time. Without heating, addition of X suppressed ammonia release more than F, L and G, indicating that X reacted faster with SBM-UT at room temperature, under the existing conditions of pH and moisture, than the other sugars. These data further suggest that, given sufficient heating time (90 min), L and G can cause ammonia release suppression similar to X. Spark (1969) showed X to react with glycine more rapidly than F and G. Spark (1969) also showed that extent of non-enzymatic browning over a prolonged period of time was equal between G and X, but much less extensive for F.
Statistical comparisons among treatments containing X, F, G and L. and those without reducing sugars could not be made because of insufficient numbers of observations in the control (no sugar) treatment. When heated for 30 min, however, ammonia release from samples treated with X was only 20% of that from SBM-UT heated without sugar (figure 1). These data suggest that sugar addition augments the effect of pH, moisture level and heating on non-ezymatic browning as measured by ammonia release.
Interactions (P<.01) were found between reducing sugar sources and levels when pooled across heating times (figure 2). Linear and quadratic contrasts of reducing sugar levels revealed no interactions (P>.IO) between X, F and G. Increasing levels of X, F and G from 1 to 5 mol/mol SBM-lysine resulted in similar rates of ammonia release suppression. However, ammonia release at all levels of L was similar. Resuits for F, G and X are in general agreement with those of Lea and Hannan (1950) showed that rate of loss of reactive lysine for a glucose-casein mixture increased as G level increased from 1 to 3 mol/mol lysine, but did not increase further at G levels as high as 8 mol/mol lysine. Similar results were obtained by Boctor and Harper (1968) when egg albumin was heated in the presence of 0 to 2% G. A possible explanation for lack of response to increasing levels of L may be due to steric hindrance caused by the molecular size of this disaccharide. Lactose may readily react with exposed lysyl residues at low levels but, because of its size, be unable to penetrate the tertiary structure of SBM protein and interact with lysyl residues on the interior of the molecule.
Interactions between heating times (30 and 90 min) and levels of reducing sugar were not significant (figure 3). However, there was an interaction (P<.01) of heating time (30 and 90 min) and linear effect of sugar level (pooled across all sugars) compared with no (0 rain) heating time. Because temperature and duration of heating are considered the primary factors influencing rate of non-enzymatic browning (Lea and Hannan, 1949) , an interaction between level of reducing sugar and heating time might be expected. Browning reactions will occur at temperature slightly above 0 C, but may require weeks to progress to a measurable extent (Lea and Hannan, 1949) . In the present studies, samples were heated within 24 h from the rime sugar, pH and moisture adjustments were made, and were stored at 4 C in the interim. When heat was applied, however, there was a linear decrease in ammonia release as sugar level increased from 1 to 5 mol/mol SBM-lysine.
Trial 2. An interaction was noted (P<.01) when SBM-C treated without sugar was compared with SBM-C treated with X, F, G or L by the linear effect of heating time (figure 4). Inclusion of reducing sugars in reaction media caused ammonia release suppression greater than could be accounted for by effects of pH, moisture adjustment and heating time. However, interactions (P<.01) also were found among reducing sugars and the linear effect of heating time, which suggests that rate of reactivity was different for various reducing sugars. Ammonia release from SBM-C treated with X was lower at all heating times than when SBM-C was treated with F, L or G. These data are in agreement with those of trial 1, where X was the most reactive reducing sugar. An interaction (P<.05) was noted when F was compared with G by the linear effect of heating time. Fructose appeared to react similarly to G after heating for 30 rain, while at 60 min G resulted in greater ammonia release suppression than F. This observation is supported by data of Reyes et al. (1982) , who found F to react similar to G over short reaction times, but much less extensively after extended reaction periods.
Data from trials I and 2 indicated that reducing sugars reacted with SBM when heated and caused ammonia release suppression greater than could be accounted for by the effect of heating SBM without sugars. These results also demonstrated that X was the most reactive reducing sugar, resulting in the greatest ammonia release suppression. Because of the many interactions among the other reducing sugars, conclusions on their reactivities with SBM are difficult to make. However, these data suggest agreement with results of Spark (1969) and Hashiba (1982) , who concluded that aldopentoses were more reactive than aldohexoses and adlohexoses were more reactive than ketohexoses.
Trial 3. An interaction (P<.01) was found between SBM sources and the linear effect of heating (figure 5). Without heat application, ammonia release from SBM-UT was higher than from SBM-C. The interaction between SBM-C and SBM-UT across heating times might be expected because heating proteins reduced susceptibility to degradation by ruminal microbes (Tagari et al., 1986) . The different ammonia release values for SBM-C and SBM-UT when samples were not heated (0 min) may be the result of heating which occurred during commercial processing of SBM-C. However, similar ammonia release values were observed for both SBM sources heated for 60 rain. These data indicate that non-enzymatic browning will produce similar ammonia release suppression from either SBM-UT or SBM-C, though at different rates.
Trial 4. Amounts of NaOH required to change pH to 8.5 and 10.0 were 2.01 • 10 -4 and 3.58 x 10 -4 mol/g SBM, respectively. Random testing, following the 24-h incubations, revealed that the supernate from tubes containing samples treated to pH 8.5 or 10.0 did not differ from tubes where SBM was not treated with NaOH.
No interactions were noted between pH and heating times (figure 6; P>.20). Addition of NaOH to change pH to 8.5 or 10.0 resulted in lower (P<.05) ammonia release than at natural pH (6.5). At pH 10.0, ammonia release was lower (P<.05) than at pH 8.5. The effect of heating time averaged across pH treatments reduced ammonia release in a negative quadratic manner (P<.05).
The results of pH on non-enzymatic browning in this trial agree with the results of others. Lea and Hannan (1949) found the rate of nonenzymatic browning to increase between pH 3 and 10. Katchalsky (1937, 1941) found optimum pH for non-enzymatic browning to be between 8 and 9, and this was confirmed recently by Ashoor and Zent (1984) . The epsilon amino group of lysine is affected primarily between pH 8 and 9 because a proton is removed, making it a stronger nucleophile than a protonated primary amine. Application of NaOH wiU, however, induce reactions other *; 10, u) and heating times for trial 4.
than non-enzymatic browning if pH is allowed to rise above 10. Under these conditions, amino acids racemize (Provensal et al., 1975 ; Friedman et al., 1981) , and crosslinks, primarily in the form of lysinoalanine, will form (Friedman et al., 1981; Lawrence and Jelen 1982) . Mir et al. (1984) showed that NaOH treatment was an effective means of protecting SBM from ruminal degradation.
Trial 5. An interaction (P<.01) was found between percent DM of samples and whether or not pans were covered during heating when tested across the complete range of (65 to 90%) DM levels (figure 7). When evaluated between 65 and 80% DM, however, interactions were not detected (P>.30). The interaction appeared to manifest itself when samples contained greater than 80% DM. Samples heated in covered pans reacted more completely at low moisture levels than those in pans without covers. Evaporative losses from non-covered pans during heating likely caused moisture to be more limiting than in covered pans, especially at high DM content.
Moisture is necessary for non-enzymatic browning reactions to occur because water serves as the medium through which reactants interact. However, excessive moisture content in reaction mixtures can slow the rate of non-enzymatic browning through simple dilution of reactants and, because a molecule of water is produced for each amino sugar formed, through end product inhibition (Labuza and Saltmarch, 1981) . Water activity (a w) is the preferred method of expressing availability of water to participate in reactions. Water content is less descriptive than a w because proteins, as well as other molecules, are able to bind water tightly, thereby making it unavailable to serve other purposes. Because a w is highly temperature-dependent, its measurement at temperatures greater than 80 C requires equipment able to withstand heat. Thus, for practicality, the effect of moisture on non-enzymatic browning was compared across levels of sample DM ranging from 65 to 90%. Results on the effect of DM content are in agreement with those of Lea and Hannan (1949) , who found non-enzymatic browning to be greatest in a casein-glucose model system when aw was .7 (80% DM). Wolfrom nad Rooney (1953) found the rate of browning to increase from near zero in the anhdyrous state to a maximum at 70% DM.
In conclusion, non-enzymatic browning reduced in vitro ammonia release from SBM treated under a variety of conditions. Results suggest that this chemical reaction may be useful for increasing the amount of SBM which escapes ruminal degradation. Other chemical methods of protecting proteins from ruminal degradation include application of formaldehyde (Reis and Tunks, 1969; Faichney, 1971; Madsen, 1982) , tannins (Driedger and Hatfield, 1972; Thomas et al., 1979a,b) , bentonites (Britton et al., 1978) , alcohols (van der Aar et al., 1982) , sodium hydroxide (Mir et al., 1984) , and divalent cations such as zinc (Britton and Klopfenstein, 1986) . These methods induce changes in protein structure which decrease the number of protease-specific bonds that can be cleaved. Results presented suggest that nonenzymatic browning may act in a similar manner. 
